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We present the results of ac and dc susceptibility, magnetization, magnetic relaxation, specific heat,
and electrical resistivity measurements on U2AuGa3, an orthorhombic CeCu2-type nonmagnetic
atom disorder system. These data clearly indicate that U2AuGa3 undergoes a spin glass phase
transition at a static freezing temperature Ts=23.6 K, in spite of the lack of triangular magnetic
structure. It is observed that the variation of the characteristic temperature Tir the bifurcation point
between field-cooled and zero-field-cooled susceptibilities with applied field H for U2AuGa3 is not
consistent with the “AT line,” but follows a Tir−H
2/5 law. The observed spin glass behavior and the
formation of frustrated magnetic interactions in U2AuGa3 are discussed in a magnetic cluster
model. © 2005 American Institute of Physics. DOI: 10.1063/1.2081130Spin glass SG behavior observed in uranium-based
nonmagnetic atom disorder NMAD compounds U2T Si3 T
is a d-electron transition metal1 have attracted much interest
in recent years. These compounds expect U2CuSi3 crystal-
lize in the hexagonal AlB2-type structure, where T and Si
atoms are randomly distributed into the trigonal prisms of a
primitive hexagonal array of uranium atoms.2 Frustration of
the magnetic interactions, one necessary condition for SG
state, could be induced by this topology in the case of anti-
ferromagnetic AF coupling between nearest neighbours.
Such an origin of SG behavior in U2T Si3 is evidently differ-
ent from that in amorphous or diluted metallic spin glass and
relates to the inherent nature of the AlB2-type crystal struc-
ture. Recently, we have been paying special attention to
U2TGa3, another series of NMAD uranium compounds with
the CeCu2-type structure without a triangular magnetic lat-
tice because of their characteristic magnetic and structural
features.3,4 In particular, we have confirmed the existence of
another member, namely U2AuGa3, in the U2TGa3 family
and performed a detailed investigation on its magnetic prop-
erties. In this letter, we report the discovery of SG behavior
in the U2AuGa3 sample and present the dynamical param-
eters characterizing the frozen state of this system. The pos-
sible mechanism of frustrated magnetic interactions in
CeCu2-type U2AuGa3 lacking a triangular magnetic structure
is discussed in a magnetic cluster model.
The polycrystalline sample of U2AuGa3 was synthesized
by arc melting the constituent elements with high purities
3N for U, 4N for Au, and 6N for Ga in a purified argon
atmosphere, then sealing in an evacuated quartz glass tube,
and annealing at 800 ° C for a week. X-ray diffraction mea-
surements show the pattern structure of U2AuGa3 as the
same as that observed for our U2PdGa3 and U2PtGa3
samples, and the diffraction lines can be indexed based on
the disordered orthorhombic CeCu2-type structure model
space group Imma with U atoms on the 4e sites and Au and
Ga atoms statistically distributed over the 8h sites. Note that
for U2PdGa3 and U2PtGa3, the CeCu2-type crystal structure
has also been confirmed by neutron-powder-diffraction
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lattice constants of U2AuGa3 are a=4.435 Å, b=7.079 Å,
and c=7.799 Å. The ac susceptibility, low field dc magneti-
zation, and magnetic relaxation were measured using a
SQUID magnetometer. High-field magnetization experiment
up to 115 kOe was carried out at 5 K using a vibrating
sample magnetometer. The adiabatic heat pulse method and
standard four-terminal method were employed for specific
heat and electrical resistivity measurements, respectively.
Figure 1 shows the temperature dependence of the in-
phase component ac T , of the ac susceptibility of
U2AuGa3 between 15 and 34 K at the frequency range 0.1
 /21000 Hz. The ac curve exhibits a characteristic
pronounced maximum with amplitude and position Tf
depending on the frequency of the ac magnetic field. As 
increases, Tf increases from 24.4 K at  /2=0.1 Hz to 25.8
K at  /2=1000 Hz. This is a typical behavior characteris-
tic of SG materials suggesting the formation of the SG state
in U2AuGa3. The initial frequency shift of Tf defined as
Tf =Tf / Tf log  is determined to be Tf =0.01 compa-
rable to the typical values from a few thousandths to a few
FIG. 1. Temperature dependence of the real component ac  of ac suscep-
tibility for U2AuGa3 measured at different frequencies. The frequency de-
pendencies of the dynamic spin freezing temperature Tf plotted as Tf vs
ln1013/ and Tf vs 100/ ln1013/ are shown in the inset a and the inset
b, respectively.
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find any upward shift of the peak position TN in the ac
curves for long-range AF ordered compounds U2PdGa3 and
U2PtGa3 up to 1000 Hz not shown here. In order to esti-
mate the dynamical parameters characterizing the SG state of
U2AuGa3, the obtained Tf data are fitted to the standard
expression max=0Tf −Ts /Ts−z	 the critical slowing
down6 and to the Vogel-Fulcher Law7,8 =0
exp−Ea /kBTf −T0, respectively. Following Tholence,
9
0=1/0=10
−13 s was kept fixed, the fit using the former
equation solid line in the inset a of Fig. 1 yields the static
freezing temperature Ts=23.6 K and the critical dynamical
exponent z	=9.4, and the fit using the latter one solid line in
the inset b of Fig. 1 yields the activation energy Ea
4.4 kBTs and the Vogel-Fulcher temperature T0=21.2 K. It is
worth notice that many experimental results give z	=4–12
for different SG systems, while z	 is usually around 2 for
conventional phase transitions.5
Remanence and long-time magnetic relaxation effects
are also the characteristic features of spin glasses. The inset
of Fig. 2 shows the high-field magnetization MH of
U2AuGa3 at 5 K up to 115 kOe. Hysteresis effect is clearly
observed, while a remanent magnetization of about
0.04 
B /U is detected at zero field. From a careful measure-
ment of the hysteresis loop using a SQUID magnetometer,
we determine the coercive field HC of U2AuGa3 to be 4.5
kOe at 5 K. We investigated the magnetic relaxation behav-
ior Mt of U2AuGa3 at 5 K in a field of 6.0 kOe
HC=4.5 kOe. The sample was first cooled in zero field
from 150 K to 5 K, then a field of 6.0 kOe was applied, and
the recording started immediately just as the field stabilized
t=0. As seen from Fig. 2, Mt increases continuously as a
function of time t. After waiting for one hour, Mt is still far
from saturation. It has been commonly accepted that, if the
long-time magnetic relaxation behavior occurs even in the
applied magnetic fields much larger than the coercive field,
the observed magnetic relaxation can be attributed to SG
effect.10 The best fit of the expression Mt=M0+S lnt+ t0
to the experimental data yields the values of three fitting
FIG. 2. Time dependence of magnetization of U2AuGa3, plotted as
Mt /M0 vs t, measured at 5 K in magnetic field of 6.0 kOe. The solid line
represents least squares fit using equation MIRMt=M0+S lnt+ t0. The in-
set displays the MH data up to 115 kOe measured at 5 K.parameters, initial zero-field magnetization M0=
Downloaded 17 Feb 2010 to 130.34.135.83. Redistribution subject to 0.5271 emu/g, magnetic viscosity S=0.0064 emu/g, and
characteristic time t0=91.8 s.
The field cooling FC and zero-field cooling ZFC dc
susceptibilities =M /H of U2AuGa3 were measured in
various magnetic fields between 10 and 70 kOe. A part of the
data is shown in Fig. 3. There exists a characteristic tempera-
ture TirH, below which magnetic irreversibility manifesting
as a bifurcation between the FC and ZFC curves is observed.
The ZFC curve in low applied field exhibits a sharp peak,
which becomes broader, and its height decreases with in-
creasing H. As typical features, these behaviors also signify
the formation of SG state in U2AuGa3. The temperature
TirH in 10 Oe is about 25.9 K, which varies as −H2/5 and
shifts to about 5.0 K in 70 kOe as clearly shown in the inset
of Fig. 3. Note that the variation of Tir with H does not
follow the Almeida-Thouless Law AT line: Tir−H2/3.
11 It
should also be mentioned that, although the H2/3-behavior of
TirH was indeed observed for some uranium and rare earth
SG materials, it was predicted for the case of an Ising-type
SG in the infinite-range, random-bond mean-field model.11
On the other hand, above 40 K, the ZFC data in H=
100 Oe not shown here can be nicely fitted using a modi-
fied Curie-Weiss Law with the effective magnetic moment

eff=2.92 
B/U and the paramagnetic Curie temperature
p=14.7 K. The obtained 
eff value is much smaller than
that 
eff3.6 
B/U expected for a free U ion with an f2 or
f3 electronic configuration, indicating the itinerant behavior
of 5f electrons and/or Kondo effect in this compound.
Our specific heat CT published in a conference
proceeding12 as the fragmentary data and electrical resistiv-
ity T measurements are further evidence for the formation
of the SG state in U2AuGa3. It is clear that both CT see
Fig. 4 and T see the inset a of Fig. 4 curves do not
show any indication of a magnetic phase transition into a
long-range order around Tf suggesting the absence of long-
range spatial magnetic order in the vicinity of Tf. Moreover,
at low temperatures the C /T vs T2 plot inset b of Fig. 4
yields for T→0 K a large  value the specific heat coeffi-
cient of T-linear term of 86 mJ mol U−1 K−2 as that usu-
FIG. 3. Comparison of the low-temperature FC open symbols and ZFC
filled symbols susceptibilities =M /H for U2AuGa3 measured in various
magnetic fields. The inset shows the field dependence of the characteristic
temperature Tir from where magnetic irreversibility occurs, plotted as Tir
vs H2/5.ally observed in a common SG material. In addition, the
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a common feature of uranium compounds. The large residual
resistivity and the weak temperature dependence of T can
be mainly ascribed to the structural disorder.
As described above, one necessary condition for a SG
state is the existence of frustrated magnetic interactions. In
contrast to the AlB2-type SG materials such as U2PdSi3, in
which U atoms form a triangular lattice and thus frustrated
magnetic interactions can be induced due to the AF coupling
between nearest neighbours,1 U2AuGa3 crystallizes in the
orthorhombic CeCu2-type structure, and the triangular mag-
netic structure is not expected in this system. Thus how to
understand the formation of frustrated magnetic interactions
in such a system is an interesting problem. We point to a
possible explanation as following. The disorder of nonmag-
netic Au and Ga atoms in the crystal lattice of U2AuGa3
could destroy the long-range magnetic correlation and result
in the formation of individual spins or finite-size granules
with net magnetic moments magnetic clusters. At low tem-
peratures these randomly distributed clusters could interact
with each other causing the formation of frustrated magnetic
moments similar to what happen in amorphous or diluted
metallic SG materials. In this context, we would like to com-
pare the present results with those obtained for the isostruc-
tural compounds U2PdGa3 and U2PtGa3. The cluster model
described above is also suitable for these two compounds.
Compared with U2AuGa3, however, clusters with net mag-
netic moments in U2PdGa3 and U2PtGa3 seem to exist with
much large geometric size probably due to the relatively
strong magnetic interaction and/or different degree of ran-
domness. Thus they show the signature of “almost long-
FIG. 4. Temperature dependence of specific heat of U2AuGa3 between 1.7
and 40 K. Inset a: temperature dependence of electrical resistivity of
U2AuGa3 between 4.2 and 240 K. Inset b: specific heat data of U2AuGa3
plotted as C /T vs T2.Downloaded 17 Feb 2010 to 130.34.135.83. Redistribution subject to range AF order” below TN on the one hand, and lack discon-
tinuity in both CT and T curves at TN with the addition
of irreversible magnetic behavior at much lower tempera-
tures originated from the “cluster effect” on the other hand.3,4
In fact, based on NPD measurements, Tran et al.4 estimated
the AF correlation lengths in U2PdGa3 and U2PtGa3 to be
120–150 Å.
In conclusion, the CeCu2-type uranium compound
U2AuGa3 is confirmed to exist in the U2TGa3 family. This
compound undergoes a SG transition with a static spin freez-
ing temperature Ts=23.6 K. The up-shift of the ac suscepti-
bility peak with increasing frequency, the down-shift of the
dc susceptibility peak with increasing field, the long-time
magnetic relaxation even in applied filed much large than the
coercive field, the low temperature irreversible magnetism
and the lack of any anomaly in both specific heat and elec-
trical resistivity in the vicinity of Ts can be considered as the
typical features characteristic of the SG state. We find that
the variation of Tir the bifurcation point between the FC and
ZFC susceptibilities with H for U2AuGa3 is not consistent
with the AT line, but follows a Tir−H
2/5 law. These behav-
iors could be understood in the framework of the magnetic
cluster model. The spin freezing behavior found for
U2AuGa3 in this work further richens the cooperative spin
states discovered in the U2TGa3 family, that is to say varying
from ferromagnetic to antiferromagnetic and to SG states
with changing the transition metal.
1R. Pöttgen and D. Kaczorowski, J. Alloys Compd. 201, 157 1993; D. X.
Li, Y. Shiokawa, Y. Homma, A. Uesawa, A. Dönni, T. Suzuki, Y. Haga, E.
Yamamoto, T. Homma, and Y. Onuki, Phys. Rev. B 57, 7434 1998; D.
X. Li, Y. Shiokawa, Y. Haga, E. Yamamoto, and Y. Onuki, J. Phys. Soc.
Jpn. 71, 418 2002.
2B. Chevalier, R. Pöttgen, B. Darriet, P. Gravereau, and J. Etourneau, J.
Alloys Compd. 233, 150 1996.
3V. H. Tran, J. Phys.: Condens. Matter 8, 8267 1996.
4V. H. Tran, F. Steglich, and G. André, Phys. Rev. B 65, 134401 2002.
5J. A. Mydosh, Spin Glass: An Experimental Introduction Taylor & Fran-
cis, London, 1993.
6P. C. Hohenberg and B. I. Halperin, Rev. Mod. Phys. 49, 435 1977; K.
Gunnarsson, P. Svedlindh, P. Nordblad, L. Lundgren, H. Aruga, and A. Ito,
Phys. Rev. Lett. 61, 754 1988.
7H. Vogel, Phys. Z. 22, 645 1921.
8G. S. Fulcher, J. Am. Ceram. Soc. 8, 339 1925.
9J. L. Tholence, Solid State Commun. 35, 113 1980; J. J. Prejean, J.
Phys. Paris 39, C6-907 1978; J. Dho, W. S. Kim, and N. H. Hur, Phys.
Rev. Lett. 89, 27202 2002.
10Subham Majumdar, E. V. Sampathkumaran, D. Eckert, A. Handstein,
K-H. Müller, S. R. Saha, H. Sugawara, and H. Sato, J. Phys.: Condens.
Matter 11, L329 1999; K. Binder and A. P. Young, Rev. Mod. Phys. 58,
801 1986; L. Folks and R. Street, J. Appl. Phys. 76, 6391 1994.
11J. R. L. de Almeida and D. J. Thouless, J. Phys. A 11, 983 1978; R.
Pöttgen, V. H. Tran, R. -D. Hoffmann D. Kaczorowski, and R. Troc, J.
Mater. Chem. 6, 429 1996.
12T. Yamamura, D. X. Li, and Y. Shiokawa, Physica B 329-333, 559 2003.AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
